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Although oxygen radicals are thought to play a key role in the skin injury that is caused by protoporphyria, there is
no direct evidence of generation of these radicals in vivo. This study measured the generation of oxygen radicals
caused by visible light non-invasively in the skin of griseofulvin-induced protoporphyria model mice, using an
in vivo electron spin resonance spectrometer equipped with a surface-coil-type resonator that could detect radicals
within about 0.5 mm of the skin surface. A durable nitroxyl radical was administered intravenously as a probe. Light
irradiation enhanced the decay of the nitroxyl signal in griseofulvin-treated mice, whereas light irradiation did not
enhance the signal decay in control mice. The enhanced signal decay was completely suppressed by intrave-
nous administration of hydroxyl radical scavengers, superoxide dismutase or catalase, or the intraperitoneal
administration of desferrioxamine. The enhanced signal decay with illumination was reversible, and quickly
responded to turning the light on and off. These observations suggest that the hydroxyl radical is generated via an
iron-catalyzed reaction in the skin. This paper demonstrates, for the ﬁrst time, the speciﬁc generation of oxygen
radicals in response to light irradiation of the skin of protoporphyria model mice.
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Erythropoietic protoporphyria (EPP) is an inherited disease
that is associated with deficiency of the last enzyme of
heme biosynthesis, ferrochelatase, which is accompanied
by photosensitivity syndrome (Bottomley et al, 1975; Cox,
1997; Lim and Cohen, 1999). It is characteristically mani-
fested by a severe burning pain associated with edema and
erythema within a few minutes of exposure to visible light
(Cox, 1997). Some of these symptoms are related to the
extravasation of intravascular contents, such as blood
plasma, caused by pronounced damage to endothelial
cells (Brun and Sandberg, 1991). The defect in ferrochela-
tase results in accumulation of protoporphyrin (Bottomley
et al, 1975; Cox, 1997; Lim and Cohen, 1999), which may be
produced in immature red blood cells, released into the
plasma, and accumulate in the cell membranes of en-
dothelial cells due to its hydrophobicity (Brun and Sand-
berg, 1991). Numerous in vitro studies have shown the
generation of reactive oxygen species (ROS), such as
singlet oxygen (1O2), hydroxyl radicals (
OH), and super-
oxide anion radicals (O2
 ), during photodynamic reactions
with various porphyrins (Buettner and Oberley, 1980;
Torinuki and Miura, 1983; Blum and Grossweiner, 1985;
Van Steveninck et al, 1986; Carraro and Pathak, 1988;
Haseloff et al, 1989; Herrmann et al, 1996). Various
cytotoxic effects of these ROS have been shown with
endothelial cells in vitro (Sacks et al, 1978; Kvietys et al,
1989; Knepler et al, 2001; Kwon et al, 2001). The results to
date suggest that cutaneous endothelial cells are damaged
by the ROS generated in the photodynamic reaction of
protoporphyrin. But it remains unclear whether light gen-
erates ROS in the skin of EPP disease. In vivo measurement
of ROS should be useful for clarifying mechanisms related
to the dermatological symptoms of EPP.
Chemiluminescence techniques have been used to
detect 1O2 and O2
  using the emission of 1O2 itself or a
chemiluminescent probe (Khan, 1981; Nakano et al, 1986).
As the luminescence arising from ROS is usually very weak
compared with the irradiating light, it is technically hard to
evaluate ROS generation during photodynamic reactions
using this method. The only report is the detection of 1O2
generated in the photodynamic reaction of coproporphyrin
from Propionibacterium acnes on the skin surface using
a special device that quickly switched between irradi-
ation and detection at high frequency (Arakane et al,
1996). Moreover, the phosphorescence of some porphyrins
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(Takemura et al, 1991) may affect the detection of ROS-
dependent chemiluminescence in porphyria. Therefore, in
vivo generation of ROS should be detected in the skin in
EPP disease during irradiation with light, using a technique
other than chemiluminescence.
We used in vivo electron spin resonance (ESR) spectro-
scopy operating at low microwave frequencies as an
alternative to chemiluminescence techniques. This techni-
que has enabled the non-invasive measurement of durable
free radicals, including a nitroxyl radical, in living experi-
mental animals (Subczynski et al, 1986; Bacic et al, 1989;
Berliner and Wan 1989; Ishida et al, 1989; Ferrari et al, 1990;
Utsumi et al, 1990; Eaton et al, 1991). The nitroxyl radical
loses its ESR signal on reaction with transient free radicals,
such as  OH and O2
  (Finkelstein et al, 1984; Krishna
et al, 1992; Takeshita et al, 2002). We and others have
evaluated free radical reactions in various animal models,
including hyperoxia (Miura et al, 1992), ischemia–reperfu-
sion (Utsumi et al, 1993), X-ray irradiation (Miura et al, 1997),
streptozotocin-induced diabetes (Sano et al, 1998), and
diesel exhaust particle-induced lung injury (Han et al, 2001)
using L-band (1–1.2 GHz) and 300 MHz ESR spectrometers
with a nitroxyl radical probe (a spin probe). In these
experiments, the disease model animal was set in the
loop-gap resonator of the ESR spectrometer. Loop-gap
(Froncisz et al, 1989) and re-entrant (Sotgiu, 1985; Chzhan
et al, 1993) type resonators are unsuitable for measuring
radicals in the skin of experimental animals, because they
detect radicals distributed throughout the body. By con-
trast, a surface-coil-type resonator (surface resonator) has
been used to measure radicals in limited positions, such as
the skin (Bacic et al, 1989; Swartz et al, 1994; Kuppusamy
et al, 1998; He et al, 2001; Fuchs et al, 2002). Furthermore,
ESR measurement with a surface resonator does not
interfere with light irradiation, since only the single-turn coil
portion of the resonator is attached to the skin.
This study used ESR with a surface resonator to detect
in vivo ROS generation with light exposure in the skin of
griseofulvin-induced protoporphyria model mice, a stan-
dard model for EPP (Gschnait et al, 1975; Konrad et al,
1975; Wolff et al, 1975; Plosch et al, 2002).
Results
Sensitivity map of the surface resonator Figure 1 shows
the sensitivity distribution of the surface resonator used.
The sensitivity was highest along the inside edge of the one-
turn coil, where it was about twice that at the center of the
coil (Fig 1A). The sensitivity decreased exponentially with
increasing distance from the plane of the coil in the normal
to the plane, at any position relative to the coil (Fig 1B). This
sensitivity distribution matched the density map of the
calculated relative radio frequency (RF) magnetic energy,
which is proportional to the ESR sensitivity (Fig 1). From the
observed sensitivity–distance relationship, the relative ESR
sensitivity is given by
S=S0 ¼ e1:8r; ð1Þ
where S0 and S are the relative sensitivities in the plane of
the one-turn coil surface and r mm from the surface of the
coil, respectively. The mouse dorsal skin is about 0.4 mm
thick, including the epidermis and dermis (Wheeler et al,
1986). Obeying Eq (1), the sensitivity should be reduced to
less than one half at the depth of the bottom of the skin, and
should become about one-sixth at a depth of 1 mm.
Detecting spin probes in skin using an in vivo ESR
spectrometer with a surface resonator An anesthetized
mouse was given carbamoyl-PROXYL intravenously, and
the ESR was measured non-invasively on the surface of the
mouse dorsum with the surface resonator. The in vivo
spectrum (Fig 2A) consisted of a sharp triplet line, which
was very similar to the spectrum recorded using the mouse
skin biopsy sample (Fig 2B) obtained after the intravenous
administration of carbamoyl-PROXYL. The intensity of the
in vivo signal increased for up to 2–3 min after the injection
Figure 1
Sensitivity distribution of the surface resonator. A small particle of a stable radical, 1-diphenyl-2-picrylhydrazyl radical, was placed in various
positions in the plane of a single-turn loop of a surface resonator (A) or along lines perpendicular to the resonator surface (B), and the relative
electron spin resonance signals were measured. þ Indicates the density map of the radio frequency (RF) magnetic energy calculated using Biot–
Savart’s Law (Jin, 1998) assuming that an electric current is flowing along the circular loop (2.25 mm in radius). The plane 0.4 mm from the center
plane of the resonator was defined as the resonator surface because the thickness of the insulator and wire forming the single-turn loop was
considered. The density map at the position where the RF magnetic energy was highest in (A) is plotted in (B).
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and then decreased (Fig 3A). The decrease in the ESR
signal after 5 min obeyed first-order kinetics. This time-
course was quite similar to that of the carbamoyl-PROXYL
signal in live skin, as determined with the skin biopsy (Fig
3B), and differed from the signal intensity measured with
the loop-gap resonator, which detects carbamoyl-PROXYL
throughout the body within the resonator (Fig 3C). The
decay rate of the carbamoyl-PROXYL signal measured with
the surface resonator was 0.04–0.06 per min after 5 min,
and that of the probe measured with the loop-gap resonator
was 0.12–0.17 per min, matching reported values (Miura
et al, 1997; Phumala et al, 1999). The time-course of the
ESR signal intensity after carbamoyl-PROXYL administra-
tion and the sensitivity map of the surface resonator
strongly indicate that the ESR signal detected with the
surface resonator arose mainly from carbamoyl-PROXYL
distributed in the skin.
In vivo ESR measurement of the griseofulvin-induced
protoporphyria model mouse with illumination Griseo-
fulvin administration increased the protoporphyrin and
coproporphyrin content of the skin and blood about 10-
fold (Table I). This increase of protoporphyrin in the blood
matched reported increases (Gschnait et al, 1975). The
effect of irradiation with visible light on the decay of the
carbamoyl-PROXYL signal in the dorsal skin of the mouse
was examined using the surface resonator. Light irradiation
increased the signal decay rate in griseofulvin-fed mice
significantly (po0.001), whereas it had little effect on the
decay rate in control mice (Fig 4). Body temperature
decreased by 1.5  0.81C at the skin surface during ESR
measurement, but irradiation with light reduced the
decrease (0.17  0.151C, mean  SD) and increased the
blood flow rate in the skin slightly (þ9.9%  18.0%,
mean  SD). To assess the contributions of the changes
in temperature and blood flow to the enhanced signal
decay, the light was switched on and off during ESR
measurement in a griseofulvin-fed mouse. If the enhanced
signal decay resulted from a change in temperature or
Figure 2
Typical electron spin resonance (ESR) spectra of a mouse given
3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-N-oxyl (carbamoyl-
PROXYL) intravenously. Normal mice were given 280 mM carba-
moyl-PROXYL (3 mL per kg-b.w.) intravenously. (A) In vivo ESR
spectrum recorded in the dorsal region of the mouse using an L-band
ESR spectrometer equipped with a surface-coil-type resonator. (B) ESR
spectrum of a skin biopsy sample recorded with an X-band ESR
spectrometer. The amplitude of 100 kHz field modulation was 0.2 mT
for both measurements.
Figure3
Time-course of the 3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-N-
oxyl (carbamoyl-PROXYL) signal in mice measured using three
different techniques. A normal mouse was given 280 mM carbamoyl-
PROXYL (3 mL per kg-b.w.) intravenously. (A) The electron spin
resonance (ESR) signal of the probe was followed over time in the
dorsal region of the mouse using a surface-coil-type resonator/L-band
ESR spectrometer. (B) Biopsies of dorsal skin were obtained at
appropriate times, and X-band ESR spectra of carbamoyl-PROXYL in
the skin were recorded; the ESR signal height was normalized using the
wet weight of the skin. Each value represents the mean  SD of three
mice. (C) A mouse was placed in the loop-gap resonator of an L-band
ESR spectrometer, and the carbamoyl-PROXYL ESR signal was
followed over time.
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blood flow, the enhancement should have persisted after
switching the light off. The decay of the ESR signal quickly
accelerated, when the light was switched on (Fig 5A).
Conversely, when the light was switched off, the acceler-
ated signal decay quickly decelerated to the original level
(Fig 5B). The decay rate responded quickly and reversibly to
light irradiation (Fig 5), and the light irradiation did not
increase the decay rate in control mice (Fig 4). These
observations indicate that the increased signal decay rate
with irradiation in griseofulvin-fed mice was caused not by
changes in temperature or blood flow, but by transient
active species.
Relationship between in vivo enhanced signal decay
and ROS generation Previously, we found a good correla-
tion between enhanced nitroxyl signal decay and ROS
generation in model animals in various oxidative stress
studies using in vivo ESR spectroscopy (Miura et al, 1995;
Utsumi et al, 1995; Sano et al, 1998; Han et al, 2001). To
examine the relationship between the enhanced carbamoyl-
PROXYL signal decay and ROS generation, the OH
scavengers mannitol and DMTU were administered intra-
venously to griseofulvin-fed mice before ESR measure-
ments. The administration of either mannitol or DMTU
suppressed the enhanced signal decay caused by irradia-
tion in a dose-dependent manner (Fig 6A and B). Neither of
these scavengers affected the rate of signal decay in non-
irradiated mice (data not shown). DMTU was also reported
to scavenge H2O2 and O2
  at the second-order rate
constant more than three orders of magnitude smaller than
that for the reaction of thioureas with OH (Anbar and Neta,
1967; Fox, 1984; Parker et al, 1985; Kelner et al, 1990). No
scavenging activity of mannitol against H2O2, O2
 , and 1O2
was reported (Kellogg and Fridovich, 1977; Fox, 1984;
Parker et al, 1985; Kelner et al, 1990). Thus, the enhanced
signal decay in griseofulvin-fed, light-irradiated mice should
result from the reaction of carbamoyl-PROXYL with OH
generated in the skin.
Mechanism of OH generation OH is usually formed
from O2
  in biological systems, via metal-catalyzed reac-
tions of hydrogen peroxide (H2O2) produced by dismutation
of O2
 . This mechanism is well known as Fenton reaction
and metal-catalyzed Haber–Weiss reaction (Halliwell and
Gutteridge, 1999). To clarify the mechanism of OH
generation, mice were given intravenous SOD or catalase,
or intraperitoneal DFO, an iron-chelating agent, before ESR
measurement. As shown in Fig 7A–C, SOD, catalase, and
DFO suppressed the increased rate of ESR signal decay in
light-irradiated griseofulvin-fed mice in a dose-dependent
manner. These reagents had no effect on the signal decay in
non-irradiated mice (data not shown). These results suggest
that the signal decay is enhanced by OH derived from
O2
  via an iron-catalyzed reaction in the skin. Figure 7D
shows the effect of intravenous histidine, a typical 1O2
quencher as well as an OH scavenger (Halliwell and
Gutteridge, 1999), on the enhanced signal decay in
Table I. Porphyrin contents of the skin and blood of
griseofulvin-fed and control micea
Griseofulvin-fed mice Control mice
Protoporphyrin
ng per g-skin 331  183 28  8
ng per mL-blood 4713  3494 537  92
Coproporphyrin
ng per g-skin 297  156 31  10
ng per mL-blood 972  414 67  19
aEach value represents the mean  SD of 3–12 animals.
Significant difference compared with the control mice (po0.005).
Figure 4
Effects of light-irradiation on the decay rates of the 3-carbamoyl-
2,2,5,5-tetramethylpyrrolidine-N-oxyl (carbamoyl-PROXYL) signal
measured in the dorsal region of normal and griseofulvin-fed mice.
Mice fed a diet with or without 2% griseofulvin for 10 d were given
280 mM carbamoyl-PROXYL (3 mL per kg-b.w., intravenously). The
decay of the carbamoyl-PROXYL electron spin resonance signal was
measured in the dark (open column) or with light irradiation (hatched
column) in the dorsal region using a surface-coil-type resonator. Each
value is the mean  SD of 6–10 animals. Significant difference
with po0.001 using Student’s t test.
Figure5
Rapid, reversible change in the 3-carbamoyl-2,2,5,5-tetramethyl-
pyrrolidine-N-oxyl (carbamoyl-PROXYL) signal in response to light
irradiation in the dorsal region of a griseofulvin-fed mouse. A
griseofulvin-fed mouse was given 280 mM carbamoyl-PROXYL (3 mL
per kg-b.w., intravenously), and the electron spin resonance (ESR)
signal of the probe was measured with a surface-coil-type resonator in
the dorsal region of the mouse in the dark (open circles) and with
illumination (solid circles). The light was turned on and off during ESR
measurement at the times indicated with the arrowheads: (A) dark to
light, (B) light to dark. For comparison, open squares show the typical
time-course of the signal for a griseofulvin-fed mouse in the dark. A
control mouse showed the same time-course as in Fig 3.
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griseofulvin-fed, light-irradiated mice. Histidine inhibited
the increased signal decay rate, whereas it did not alter the
decay rate in non-irradiated mice (data not shown).
Discussion
This study detected ROS generated in the skin of living
mice, and clarified the specific generation of ROS with light
irradiation in the skin of protoporphyria model mice. To
do so, we determined that the sensitivity of our surface
resonator was highest in the plane of the coil, and
decreased exponentially with increasing distance from that
plane. The sensitivity was less than 50% at the depth
corresponding to mouse subcutaneous tissue. When mice
were given carbamoyl-PROXYL intravenously, the ESR
signal of the probe measured on the mouse dorsum with
the surface resonator increased for 2–3 min after the
injection, and then decreased. This time-course matched
that of the probe concentration in skin measured using
skin biopsies, and differed from the probe signal measured
with a loop-gap resonator, which measures the probe
throughout the body, especially in relatively large vessels
and large organs. These observations strongly suggest
that the ESR signal detected with the surface resonator
arose mainly from the signal of carbamoyl-PROXYL
distributed in skin.
Using in vivo ESR spectroscopy with a surface resonator,
radical generation in skin was examined in live mice. The
signal decay of carbamoyl-PROXYL was enhanced by
visible light irradiation in griseofulvin-induced protoporphyr-
ia model mice. The enhanced signal decay was reversible
and responded quickly to switching the light on and off. The
enhanced signal decay was suppressed by administration
of OH scavengers, catalase, and DFO, indicating that the
enhanced ESR signal decay was caused by the reaction of
carbamoyl-PROXYL with OH. It was previously observed
that carbamoyl-PROXYL was resistant to the ESR signal
loss caused by O2
 , whereas OH lost its ESR signal at
a diffusion-controlled rate (Takeshita et al, 2002). SOD
suppressed the enhanced signal decay, although SOD
should catalyze the dismutation of O2
  to produce H2O2
and O2. SOD reportedly inhibited iron-related
OH gen-
eration in wide range of biological systems, and a
mechanism related to such an OH generation has been
explained as iron-catalyzed Haber–Weiss reaction (Halliwell
and Gutteridge, 1999). Such a reaction of SOD may take
part in the suppression of the enhanced signal decay. Iron-
release from transferrin has been observed in several cell
types including endothelial cells (Brieland et al, 1992).
Pourzand et al (1999) also reported an immediate release of
free iron ion from ferritin in human primary skin fibroblasts
under ultraviolet light. The released iron should contribute to
the generation of OH in griseofulvin-induced protopor-
phyria model mice exposed to light. On the other hand, we
observed that the enhanced decay in ischemia–reperfused
brain was inhibited by SOD but not by catalase or DMTU,
and concluded that lipid-derived radical may be involved in
the enhanced decay (Yamato et al, 2003). In this study, it
should be very low the contribution of lipid-derived radical
in enhancing the signal decay, because both catalase and
OH scavengers inhibited the enhanced signal decay.
In this study, histidine, a typical quencher of 1O2, also
clearly suppressed the enhanced ESR signal decay
with illumination. In general, two pathways mediate photo-
Figure 6
Effects of hydroxyl radicals scavengers on the decay rate of
the 3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-N-oxyl (carbamoyl-
PROXYL) signal measured in the dorsal region of griseofulvin-fed
mice. Griseofulvin-fed mice were given the indicated doses of mannitol
(A) and 1,3-dimethyl-2-thiourea (DMTU) (B) intravenously just before
the carbamoyl-PROXYL injection, and the decay rate of the carbamoyl-
PROXYL signal was measured with light irradiation (hatched column)
or in the dark (open column). Each value is the mean  SD of 3–13
animals. , Significant differences with po0.05 and po0.01,
respectively, using Student’s t test, and #, ##significant difference with
po0.05 and po0.01, respectively, using Dunnett’s test.
Figure7
Effects of superoxide dismutase (SOD), catalase, desferrioxamine
mesylate (DFO), and histidine on the decay rate of the 3-carbamoyl-
2,2,5,5-tetramethylpyrrolidine-N-oxyl (carbamoyl-PROXYL) signal
measured in the dorsal region of griseofulvin-fed mice. Griseofulvin-
fed mice were given the indicated doses of SOD (A), catalase (B), DFO
(C), and histidine (D), and the decay rate of the carbamoyl-PROXYL
signal was measured under illumination (hatched column) or in the dark
(open column). SOD, catalase, and histidine were administered
intravenously just before the carbamoyl-PROXYL injection, whereas
DFO was given intraperitoneally 20 min before injecting the spin probe.
Each value is the mean  SD of 3–12 animals. , , Significant
differences with po0.05, po0.005, and po0.001, respectively, using
Student’s t test, and #, ##significant difference with po0.05 and
po0.01, respectively, using Dunnett’s test.
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dynamic reactions: electron transfer from the excited
photosensitizer to molecular oxygen, leading to the gene-
ration of O2
 , etc. (type-I reaction) and energy transfer
from the excited photosensitizer to molecular oxygen,
causing the generation of 1O2 (type-II reaction) (Briviba
et al, 1997). Inoue et al (1984) demonstrated that the one-
electron reduction of 1O2 by b-nicotinamide adenine
dinucleotide reduced form (NADH) and other reducing
agents leads to the generation of O2
 , and proposed that
O2
  is generated via a type-II reaction. Therefore, the
inhibition of the enhanced signal decay by histidine
suggests that O2
 , a key species in the in vivo ROS
cascade in the protoporphyria model mouse, is generated
via a type-II reaction. It has been reported that histidine
reacts with OH at a near diffusion-controlled rate (Halliwell
and Gutteridge, 1999) but not with O2
  or H2O2 (Kellogg
and Fridovich, 1977). Reaction with OH also might
contribute to the suppression of the enhanced signal decay
by histidine.
The altered pharmacokinetics of the spin probe is an
important perturber of the spin probe/in vivo ESR techni-
que. It would lead to misinterpretation of the data if this
occurred in irradiated and non-irradiated mice. The signal
decay without irradiation may result from the reduction
(Fuchs et al, 1997) and elimination of the spin probe in the
skin. The irradiation with visible light might increase
the body temperature and blood flow, which might influence
the metabolism and pharmacokinetics of the spin probe,
resulting in an increased rate of ESR signal decay. Although
we observed a slight increase in surface temperature and
blood flow with irradiation, the increase in the signal decay
rate observed in griseofulvin-treated mice with irradiation
was independent of these physiological changes, as no
increase in the signal decay rate was observed in control
mice with irradiation (Fig 4). This is supported by the
observation that the enhanced signal decay with illumina-
tion was reversible: it responded quickly to turning the light
on and off. If the enhanced signal decay had been due to an
increase in temperature, the decay rate would not have
responded so quickly to switching the light on and off.
Therefore, the increased signal decay rate with light in
griseofulvin-treated mice did not result from an alteration of
the pharmacokinetics of the spin probe.
Protoporphyrin accumulates in the cell membranes of
endothelial cells in the skin of EPP patients (Brun and
Sandberg, 1991). This is probably also true in griseofulvin-
induced protoporphyria model mice, because vascular
damage has been observed in the skin of the model mice
after irradiation (Konrad et al, 1975). O2
  generated by the
photodynamic reaction of protoporphyrin in skin endothelial
cells is probably converted into H2O2 by the action of
endogenous SOD, and then OH is generated by the
reaction of H2O2 with free or loosely chelated iron present in
small quantities in the body. As H2O2 is relatively stable and
membrane-permeable, OH may be generated both inside
and outside endothelial cells, and within the lumen blood
vessels. In this study, the reaction of carbamoyl-PROXYL
with OH likely occurs mainly within the lumen of capillaries
in the skin, because membrane-impermeable reagents such
as mannitol, catalase, and SOD completely inhibited the
enhanced signal decay of the probe.
In conclusion, we characterized the sensitivity of a
surface resonator and applied it to the in vivo detection of
radical generation in skin. The surface resonator was used
effectively to demonstrate the generation of OH in the skin
of the protoporphyria model mouse with light illumination.
This is the first report of the in vivo detection of ROS caused
by light irradiation in the skin of a living animal. In vivo ESR
spectroscopy is likely to be useful in dermatology, not only
for studying the mechanism of injury via ROS generation but
also for screening antioxidants and sunscreens based on
their in vivo efficiency at radical scavenging.
Materials and Methods
Reagents 3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-N-oxyl
(carbamoyl-PROXYL) and 1,3-dimethyl-2-thiourea (DMTU) were
purchased from Aldrich Chemical Co. (Milwaukee, Wisconsin).
Carbamoyl-PROXYL was dissolved in distilled water at a concen-
tration of 280 mM and sterilized by filtering through a disposable
membrane filter (pore size: 0.2 mm, Advantec, Tokyo, Japan).
Protoporphyrin IX, coproporphyrin I, and catalase (bovine liver)
were obtained from Sigma Chemical Co. (St Louis, Missouri).
Desferrioxamine mesylate (DFO) was obtained from Ciba-Geigy
Japan Ltd (Hyogo, Japan). Cu, Zn superoxide dismutase (human
recombinant; SOD) was kindly donated by Nippon Kayaku Co. Ltd.
(Tokyo, Japan) Griseofulvin, 1-diphenyl-2-picrylhydrazyl radical
(DPPH), D(-)-mannitol, and L-histidine were obtained from Wako
Pure Chemical Industries, Ltd (Osaka, Japan). All other reagents
used were of the highest purity commercially available.
Griseofulvin-induced EPP model mice Male ddY mice (age 4
wk) were obtained from Seac Yoshitomi Co. (Fukuoka, Japan),
housed in a temperature- and humidity-controlled room, and fed
and given water ad libitum for 10 d. Griseofulvin was administered
in food, prepared by mixing a crushed commercial diet (MF,
Oriental Yeast Co., Ltd, Tokyo, Japan) with griseofulvin (2% by
weight). A control diet was prepared without griseofulvin. The
amounts of protoporphyrin and coproporphyrin in the blood and
skin were measured as follows. One milliliter of heparinized blood
was collected from the eye of a mouse under ethyl ether
anesthesia. The mouse was euthanized by exsanguination from
the carotid artery, and then the dorsal skin was removed. The skin
was minced and homogenized with 20 mL ethyl acetate-acetic
acid (3:1, volume for volume) per g-skin mixture using a Teflon
homogenizer. The homogenate was centrifuged at 2000  g for
5 min, and the precipitate was resuspended in the same volume of
the ethyl acetate-acetic acid mixture. After centrifugation, these
supernatants were pooled. Similarly, 100 mL of blood were mixed
with 5 mL of the ethyl acetate-acetic acid mixture and treated
using the same procedure as for skin. Protoporphyrin and
coproporphyrin were fractionated using the method described
by Sano and Granick (1961) and determined fluorometrically (lex:
410 nm, lem: 605 nm for protoporphyrin and lex: 403 nm, lem:
600 nm for coproporphyrin).
In vivo ESR spectroscopy An electrically tunable surface
resonator consisting of a single-turn coil (4.5 mm in diameter), a
parallel semi-rigid coaxial line, and matching and tuning circuits
(Hirata et al, 2000) was connected to an L-bend ESR spectrometer
(JES RE-3X, JEOL, Tokyo, Japan) and a handmade 100 kHz
modulation coil was attached to the surface of the ESR magnet.
The distribution of sensitivity was checked with a particle of
a stable radical, DPPH (less than 0.5 mm in diameter). The
microwave frequency was 1.2 GHz and the applied microwave
power was 1.0 mW. The amplitude of the 100 kHz field modulation
was 0.2 mT. The static magnetic field was swept at a scan rate of
2.5 mT per min.
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ESR measurements with a loop-gap resonator (33 mm i.d.,
5 mm long) were performed as reported previously (Utsumi et al,
1990; Takeshita et al, 1999; Han et al, 2001). The whole-body
measurements with the loop-gap resonator allowed us to measure
the probe throughout a subject mouse.
A mouse was anesthetized with an intramuscular injection of
pentobarbital sodium salt (75 mg per kg-b.w.), and the hair on its
dorsum was removed carefully with fine clippers just before the
ESR experiments. The mouse received an intravenous injection of
carbamoyl-PROXYL solution (3 mL per kg-b.w.) via the tail vein and
was immediately placed between a pair of modulation coils so that
the dorsal region of the mouse was at the level of the center of the
modulation coil. A surface resonator was gently attached to the
dorsal skin to be examined, and ESR spectra were recorded at 10 s
intervals for 15 min. A 300 W tungsten bulb (AC-81, Fuji Electric
Lamp Industrial Co. Ltd, Tokyo, Japan) equipped with a reflector
and a condensing lens was used as the visible light source and
was placed 30 cm above the mouse. The tungsten bulb used emits
visible and infrared radiation with a peak around 870 nm and slight
ultraviolet A (380–400 nm) radiation. The average irradiance was
estimated to be approximately 500 mW per m2 at the dorsal
surface of the mouse by a model IL1400A radiometer/photometer
with a SL021/FQI detector (International Light, Inc., Newburyport,
Massachusetts). ESR was measured under light or dark. The
intensities of the low field peaks were used to calculate the signal
decay rate.
Mannitol, DMTU, catalase, and SOD were dissolved in a
physiological saline solution and administered intravenously via
the tail vein just before the carbamoyl-PROXYL injection. A saline
solution of DFO was administered intraperitoneally 20 min before
the carbamoyl-PROXYL injection. Saline solutions were injected in
control experiments.
Determining the spin probe distribution in skin A mouse was
anesthetized with an intramuscular injection of pentobarbital
sodium salt (75 mg per kg-b.w.). A carbamoyl-PROXYL solution
(3 mL per kg-b.w.) was administered intravenously via the tail vein,
and about 15 mg of dorsal skin were excised at the appropriate
time. The ESR spectrum of carbamoyl-PROXYL in the skin biopsy
sample was recorded with an X-band ESR spectrometer (JEOL
JES-RE 1X) using an ESR tissue cell (Labotec, Tokyo, Japan) within
2 min of skin sampling.
Measuring physiological parameters and animal care The
surface temperature of the mouse skin was monitored with a
non-contact infrared thermometer (Keyence, Osaka, Japan), and
the blood flow rate in the skin was measured with an Omega flow
FLO-N1 laser-Doppler blood flowmeter equipped with an ST-N
non-contact-type probe (Omegawave, Tokyo, Japan). All the ani-
mal experiments were performed according to Kyushu University’s
institutional guidelines for animal use and care.
Statistical analysis All values were expressed as the mean  SD.
Statistical analyses were carried out using Stat View 5.0. The data
were analyzed by Student’s t test and by one-way analysis of
variance with Dunnett’s test as a post hoc test. Values of p less
than 0.05 were accepted as statistically significant.
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